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SUMMARY 



This report describes the apparatus as designed and 
constructed at the Langley Memorial Aeronautical Laborato- 
ry, for studying the formation and combustion of fuel 
sprays under conditions closely simulating those occurring 
in a high- speed compression-ignition engine . The appara- 
tus consists of a single-cylinder modified test engine 9 a 
fuel-injection system so designed that a single charge of 
fuel can be injected into the combustion chamber of the en 
gino, an electric driving motor, and a high-speed photo- 
graphic apparatus. The cylinder head of the engine has a 
vertical disk form of combustion chamber whose sides are 
glass windows. When the fuel is injected into the combus- 
tion chamber, motion pictures at the rate of 2000 per sec- 
ond aro taken of the spray formation by means of spark 
discharges* When combustion takes place the light of the 
combustion is recorded on' the same photographic film as 
the spray photographs. 

"The report includes the results of some tests to de- 
termine the effect of air temperature, air flow, and noz- 
zle design on the spray formation. The results show that 
the compression temperature has little effect on the pene- 
tration of the fuel spray but does affect the dispersion, 
that air velocities of about 300 foot per second are neces 
sary to destroy tho core of the spray, and that the effect 
of air flow on the spray is controlled to a certain extent 
by tho design of the injection nozzle. The results on the 
combustion of the spray show that ^hen ignition does not 
take place until after spray cut-off the ignition may 
start almost simultaneously throughout the combustion cham 
bor or at different points throughout the chamber. When 
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ignition takes place "before spray cut-off the combustion 
starts around the edge of the spray and then spreads 
throughout the chamber. 

INTRODUCTION 



During the last five years the national Advisory Com- 
mittee for Aeronautics has published considerable informa- 
tion on the formation of fuel sprays for high-speed com- 
pression-ignition engines. The majority of the investiga- 
tions reported have dealt with the effects on the fuel 
spray of the inj ect i on-noz zl o design, of the injection sys 
torn, and of the density of the air into which the fuel has 
boon sprayed. Only one report has been published by the 
Cominittise (reference l) on the effect of high air tempera- 
tures on the formation and penetration of the fuel spray. 
The tests reported in this reference, although conducted 
by spraying the fuel into air at atmospheric pressure, in- 
dicated the necessity of extending the researches of the 
Committee to include a stuiy of the spray formation and 
penetration into air at the temper ature s and densities in 
the combustion chambers of high-speed compression-ignition 
engine s . 

In addition to studying the formation and penetration 
of the fuel spray in the engine it is necessary to study 
the combustion of the fuel spray. Investigations on the 
phenomena of combustion as applied to the comprossion-igni 
tion engino have been conducted principally in. England and 
Germany. Some of the earliest work was done by Moore. 
(Reference 2.) His tests were made to determine the auto- 
ignition temperatures of liquid fuels at atmospheric pres- 
sure. This work was extended by Wollers and Ehmcke (ref- 
erence 3) and by Alt (reference 4) . The next step was to 
investigate the effect of air density on the auto-ignition 
temperature of fuel sprayed into heated dense air. Such 
tests were conducted by Haw&e 8 (reference 5) and Bird (ref 
erence 5) and by Tausz and Sclnilte (reference 7) and Neu- 
mann (reference 8). These same investigators also deter- 
mined the effect of air temperature on the time lag of 
auto-ignition. Bird (reference 9) then extended the tests 
by phot ogr aphing the combustion in a constant-volume cham- 
ber. Bird's tests were the first in which ignition lags 
were recorded as low as 0 # 004 second, a value of the same 
order of magnitude as that obtained in high-speed compres- 
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sion-ignition engines. Ma&er (reference 10), by means of 
a small glass window placed in the combustion chamber of 
a compression-ignition engine, obtained stroboscopic pic- 
tures of the combustion of the fuel spray. lizard and Pyo 
(reference 11) and Penning and Cotton (reforonce 12) and 
Duchone (reference 13) conducted tests in which the auto- 
ignition lag of gases ignited by adiabatic compression was 
measured* In addition, Duchone, employing a small glass 
cylinder, photographed the combustion. 

As a result of an analysis of the preceding investi- 
gations it was decided to extend the research on combus- 
tion by constructing an apparatus that would permit photo- 
graphing the combustion of fuel sprays in a chamber in 
which the air' was heated by adiabatic compression and in 
which the combustion continued during the expansion of the 
gasosg This apparatus when used in conjunction with tho 
photographic apparatus of tho I7.A.C.A. spray-photography 
equipment (reference 14) would permit photographs to be 
obtained of both the spray formation and combustion under 
conditions which closely simulate those in the conbustion 
chamber of a compression-ignition engine. 

The purpose of this report is to describe the appara- 
tus as designed and constructed at the Langley Memorial 
Aeronautical laboratory, Langley Field, Va. , and to pre- 
sent some of the preliminary test. results which are repre- 
sentative of the results that can bo obtained with tho ap- 
paratus. Unless otherwise stated, all tests wore conducted 
with Diesel fuel. 
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PAST I 

DESCRIPTION 01 APPARATUS 



The apparatus consists essentially of a modified sin- 
gle-cylinder test engine, an electric motor for driving 
the test onginOi a f uel-inj octi on system drivon from the 
crankshaft of the engine, and a high-speed photographic 
system. A photograph of the engine, injection system, and 
driving motor is shown in Figure 1, and a sketch of the 
engine and the injection system in Figure 2. 

Test IBngine *- The combustion chamber of the engine 
has a diameter of 3 inches and a depth of 7/8 inch f This 
shape was chosen because it permits the two sides of the 
chamber to be made of glass disks* There are two 1-inch 
thick windows on each side of the chamber separated by an 
air sDaco which is connected to a tank of compressed air. 
Since the air temperatures of 2000° to 3000° ?. absolute 
and pressures in excess of 800 pounds per square inch are 
reached in the combustion chamber the conditions to which 
the inner windows are exposed are extremely severe. By 
maintaining an air pressure botween tho windows of approx- 
imately 450 pounds per square inch tho maximum stress on 
the inner windows is reduced, Tho combustion chamber is 
connected to the displacement volume cf the engine by a 
rectangular orifice of a size, 0,595 square inch in area, 
to produce calculated air velocities of 300 feet per sec- 
ond in the chamber. 

There are two openings in the cylinder head for the 
injection valve so that the effect of air velocities can 
be studied with the spray directed normal to or counter to 
the air flow. The third opening is used for a maximum 
pre s sure indicator t 

The cylinder of the engine has a bore of 5 inches and 
a stroke of 7 inches. The volumetric compression ratio of 
the engine is 15.8:1. At the bottom of the stroke the pis- 
ton uncovers ports in the cylinder wall. These ports arc 
connected to a cam-operated poppet valve so adjusted that 
it is open when the piston is at bottom center. These 
ports and the valve permit air to enter the displacement 
volume and compensate for air leakage around the piston 
rings. In addition, the inlet manifold may be connected 
to an air compressor so that tho effect of increased air 
density on the fuel spray and on the combustion may be 
studied. 
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The cored passages in the cylinder head and the jacket 
around the cylinder are connected to an electrically heated 
tank containing glycerine. By means of this liquid, tem- 
peratures of 500 Ft can bo maintained in the cylinder jack- 
et and tho cylinder head. A suitable pump is used to cir- 
culate the glycerine. 

One end of tho crankshaft is connected to the electric 
driving motor, and the other end to the timing gear through 
which the injection system is driven. The timing gear is 
calibrated so that the start of injection can "be varied in 
increments of one crankshaft degree. Tho shaft connecting 
the timing gear to the injection system is separated "by a 
clutch similar to those employed on press punches. When 
this clutch is engaged by means of the mechanism shown in 
Figure 2 the camshaft of the injection system ruucos a sin- 
gle revolution at a speed one-half tho engino crankshaft 
speed . 

Incept ^or^S^s^m. - The injection system is of the type 
used on the If.A.C.A. spray-photography equipment. This 
system was chosen because its characteristics have "been ex- 
tensively investigated by Gelalles (reference 15) who de- 
termined the effect of the different variables in the in- 
jection system on the formation and development of tho fuel 
sprs,y, and by tho author Preference 16) who determined the 
effect of the different variables in tho in j oct i on system 
on the instantaneous pressures at the discharge orifice of 
tho injection valve. The system consists of a high-pres- 
sure reservoir to which fuel is forced under pressures up 
to 10,000 pounds per square inch by means of a hand pump; 
a timing valve connected by suitable tubing to the injec- 
tion valve; a by-pass valve for controlling the injection 
period; and a valve for controlling the initial pressure 
in the injection tube before the start of injection. The 
tube connecting the timing valvo and tho injection valve 
is 50 inches long so that the instantaneous pressures at 
the discharge orifice will not fluctuate because of the 
pressure-wave phenomena. (Reference 16.) A h and- operated 
needle valve in the top of the high-pressure reservoir al- 
lows air to be released from the reservoir. 

When tho clutch mechanism is engaged by the operating 
lever the first cam opens tho timing valvo, which releases 
the fuel under pressuro in the reservoir to the automatic 
injection valve. Injection continues until the second cam 
opens the by-pass valve, at which time the hydraulic pres- 
sure in the high-pro ssurc reservoir is released to atmos- 
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pheric pressure and the injection is stopped. The period 
of injection can he varied by means of the serrated coup- 
ling connecting the by-pass valve cam to the camshaft. 

P hotographic Equipmen t «- Figure 3 shows a diagrammat- 
ic sketch of the high-speed photographic system and the 
arrangement of the camera and the spark gap relative to the 
combustion chamber in which the injection valve is shown 
mounted in the vertical position. In the operation of the 
electric circuit the rotary distributor is driven at a 
speed of approximately 2,400 r,p«m # The primary circuit of 
the high-tension transformer is closed charging the elec- 
tric condensers to 30 t 000 volts through the kenotron tube 
for rectifying the current. When the clutch for the fuel- 
injection system is engaged, the rotation of the camshaft 
closes the spark-di scharge switch grounding the condensers 
through the spark gap. The condensers arc therefore con- 
secutively discharged as the contacts on the rotary dis- 
tributor complete the condenser circuits. With the four 
contacts as shown in FigUTO 3, the rate of discharge of 
the condensers is 4000 per second. Tor the present scries 
of tests two of the contacts were removed, giving a rate 
of discharge of 2000 per second. The light from each con- 
denser discharge is reflected from the parabolic mirror so 
that a converging beam enters the combustion chamber. The 
lens mounted in the camera then focuses the image of the 
chamber onto the film mounted on the rotating film drum. 
The drum has a diameter of 30 inches and turns at a periph- 
eral speed of 2000 inches per second. 3y means of a ser- 
rated coupling connecting the spark discharge switch with 
tho camshaft, the time of start of the spark discharges 
can bo synchronized with tho start of the fuel injection 
into the combustion chamber. When the injection takes 
place the light from the spark discharges is intercepted 
by the fuel spray so that silhouettes of the spray are re- 
corded on the photographic film. When combustion takes 
place the light of the combustion is focused onto the ro- 
tating film by the lens. Consequently, high-speed motion 
pictures are obtained of the spray but a continuous pic- 
ture is obtained of the combustion. Standard commercial 
photographic film is used with satisfactory results. 
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PAST II 



RESULTS FROM PRELIMINARY TESTS 



Reproducibility of Fuel Sprays 



The object of the first test conducted was to deter- 
mine the reproducibility of the fuel sprays. Figure 4 
shows three series of spray photographs taken with nozzle 
ITo, 18 (fig* 5) under the same conditions. There is little 
variation in the penetration of the sprays in the throe se- 
ries. There is, however, a difference in the dispersion of 
the spray s t In the top series the spray was well dispersed 
at 10 after top center. In the second series the spray 
did not fill the volume of the chamber included between the 
windows until 20° after top center. In the third series 
the dispersion was about the same as in the second. The 
reproducibility of the sprays is considered satisfactory. 



photographs were taken of the fuel spray in the com- 
bustion chamber using nozzle !Io . 13 (fig. 5) with the in- 
jection starting at top center so that the velocity of air 
flow in the chamber would be a minimum. With the same in- 
jection valvo and nozzle, photographs were take:: of the 
fuel sprays in the spray chamber of the spray-photography 
equipment at an air density of 1.1 pounds per cubic foot 
and at room temperature. The results arc shown in Figure 
S. Both series -of photographs are silhouettes. The rate 
of penetration of the spray tips was slightly decreased in 
the hot air; and the fuel dispersed throughout the chamber 
to a greater extent than in the air at room temperature. 
In the cold air, after the cut-off of injection the spray 
diffused slowly throughout the chamber but at all times 
light was transmitted through the chamber. »7ith injection 
into the hot air the spray completely blocked out the light 
after 0*004 second. Injection cut-off occurred at approxi- 
mately 0.0038 second. Whether or not this diffusion 
throughout the chamber is accompanied by appreciable vapor- 
ization cannot bo told from the photographs. The photo- 
graphs show that observations of fuel sprays obtained in 
air at room temperature but at a density corr o spon&ing to 
that in the combustion chaxibor of a compression-ignition 
en-'ino yield information on the spray characteristics which 
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is directly applicable to engine conditions. 

The results present a chock on the tests made by 
Joachim and Boardsloy which showed that it was the air den- 
sity and not the air pressure that affects the spray pene- 
tration (reference 17). In their tests it was shown that 
at room temperature increasing the air pressure from 200 
to 400 pounds 'per square inch decreased the distance of the 
spray-tip penetration 28 per cent at the end of 0.001 sec- 
ond. In the tests from which the photographs in Figure 3 
were obtained the air pressure for injection into air at 
room toupcraturo was 210 pounds per square inch f whereas 
the pros euro in the engine with the piston at top center 
was 455 pounds per square inch. 



Effect of Air Flow on the Fuel Spray 

The air velocity (fig* 7) through the orifice connect- 
ing the combustion chamber to the displacement volumo was 
computed for an engine speed of 1500 r,p # m 0 by the method 
givon in reference 7. The curve is plotted from right to 
loft to correspond with the spray photographs. From 38° 
to 14° 3.T.3. the variation in velocity was only 40 feet 
per second. After being forced through the orifice the 
air jet strikes the top of the chamber and then is divided, 
forming whirls in each half of the chamber. 

Figure 8 (see also Table I) shows the effect of the 
air flow on the spray from a single 0,020-inch orifice with 
the injection valve mounted in the horizontal position so 
that the air flow is normal to the spray. With injection 
starting at 50° before top center the air velocity at tho 
time when tho spray had penetrated across the chamber was 
sufficient to blow the fuel away from the edge of the spray 
and to deflect slightly the main core of t?nc spray. The 
fuel from tho part of the spray in tho center of tho cham- 
ber was blown upward by the incoming air, and the fuel 
close to the injection valve wa.s blown downward by the air 
whirls. At 21° before top center the deflection of the 
core of the sp-ray is shown. The succeeding photographs 
show no spray, indicating that the fuel is either well dis- 
persed or v ap o r i z e d • 

With injection starting at 40° before top center the 
same tendencies are observed as in the previous pho t ographs • 
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With injection starting at 30° before top center the 
spray in the first spray photograph is shown "being "blown 
upward in the direction of the air flow. In the second 
photograph the spray has traversed "beyond the middle of 
the chamber, but has been bent upward. Between 35° and 
45° after top center the chamber becomes fogged. This ex- 
tremely rapid fogging is observed in all the photographs 
with injection starting at or later than 30° before top 
center. The exact cause of it is not known. It is possi- 
ble that it is caused by sudden condensation of fuel vapor 
when the temperature of the air on the down stroke of the 
piston passes the critical temperature of the fuel. 

The photographs for injection starting at 20° before 
top center show the same general effects as those shown 
in the preceding photographs. However, with injection 
starting at 10° before top center the air flow had consid- 
erably less effect on the spray. It is interesting to ob- 
serve that when the spray continued after top center the 
direction of the air flow was reversed; the spray was de- 
flected downward although the main core of the spray was 
not destroyed. With injection starting at top center the 
spray after traversing the chamber was reflected from the 
chamber wall. 

A comparison of all the photographs shows that the 
air flow produced by the piston forcing the air through a 
narrow restriction between the displacement volume and the 
combustion chamber had a decided offect on the spfay, the 
magnitude of the effect depending on the injection timing. 
The photographs and the computations show that air veloc- 
ities of approximately 300 feet per second were necessary 
to appreciably deflect the main core of the spray. (Com- 
pare with results published in reference 18.) 

Figure 9 (see also Table II) shows the offect of air 
flow on the fuel spray from a single 0.020-inch orifice 
with the injection valve mounted in the vortical position 
so that the air flow is counter to the spray. With injec- 
tion starting at 40° before top center the spray penetrated 
across the section of the chamber included in the glass 
windows but was blown backward between 10" before top cen- 
ter and top center 9 after which cut-off occurred. With 
injection starting 30° before top center the. spray pene- 
trated the depth of the chamber but the spray angle was 
considerably increased by the air velocity directed against 
the spray. With injection starting at 20° before top cen- 
ter the spray again penetrated the depth of the chamber 
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and as before the spray angle was considerably increased. 
With injection starting at 10° before top center there 
was a decrease in the effect of air flow on the fuel 
spray » T ,7ith injection starting at top center there was 
no appreciable effect of the reversed air flow on the 
spray* The cone angle of the spray was appr oximat ely that 
observed when the fuel was injected into air at room tem- 
perature, (Reference 15.) 

The same general conclusions can be drawn from this 
figure as from Figure 8, The mixing of the fuel and air 
appears to be more uniform with the air flow directed 
counter to the spray than with the air flow directed normal 
to the spray. 

Figure 10 shows the effect of the direction of the air 
flow relative to the fuel sprays from no::zle I7o. 17, Fig- 
ure 5. This noszle is the same as nozzle Ho . 18 e::ccpt 
that the C orifices have a diameter of 0 0 005 inch instead 
of 0.012 inch. In general, the results are the same as 
those obtained with the single C. 0130-inch orifice. 

Figure 11 shows the effect of the air flow on the fuel 
sprays from nozzle lTo t 18, Figure 5, With injection start- 
ing at 50° before top center the air flow had no apprecia- 
ble effect on the spray until after cut-off, which occurred 
between 30° and 20° before top center. At no time did the 
spray completely block out the light from the spark dis- 
charges. After cut-off, the moving air had considerable 
effect on the spray, dispersing the fual unevenly through- 
out the chamber. With injection starting at 40° before 
top center the first spray photograph shows fuel being 
blown- away from the tip of the spray. The air flow be- 
tween 30° and 20° before too center blew the spray aside 
to a certain extent but the central sprays of the cores 
wore little affected. After cut-off the light from the 
spark discharges was not completely blocked out but there 
was more blocking than was shown in the previous photo- 
graphs. The distribution after cut-off was still very un- 
even. With injection starting at 30° before top center 
the fuel did not 'oonetrate across the chamber. The indi- 
vidual sprays cannot bo distinguished after 15° before top 
center. Between 20° and 30° after top center the light 
from the spark discharges was completely blocked out. With 
injection starting at 20° before top center the effect of 
the air flow was about the same as with injection starting 
at 30° before top center. Complete diffusion of the spray 
throughout the chamber occurred between 20° and 30° after 
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top center and apparently very soon after cut-off. 

With injection starting at 10° before top center the 
effect of the air flow was qui to marked , but the penotra- 
tion of the spray was greater than that obtained with in- 
jection starting at 20° before top center. Diffusion 
throughout the chamber occurred at cut-off • With injec- 
tion starting at top center the air flow had little effect 
on the sprays. 'This series of photographs is the same as 
shown in Figure 4 where they have been discussed in detail. 

The photographs in Figure 11 show that enlarging the 
C orifices froza 0# 005- inch diameter to 0.012-inch diameter 
had a decided effect on the spray when the air flow was 
directed normal to the spray* The results indicate that 
the sprays from the larger orifices tended to stop the air 
flow so that there was no deflection of the central core 
of the sprays. With low air velocities the distribution 
improved very rapidly following the cut-off of injection. 
Co?.isequcnt ly , as the author has mentioned in a previous 
report (reference 19) , it can be expected that in a quies- 
cent combustion chamber if" combustion does not start until 
after injection cut-off, the burning of the fuel will take 
place at a rate resulting in detonation. The photographs 
show how the dispersion of the fuel during injection is 
improved by the use of high air velocities. 

Figure 12 shows the effect of air flow on the sprays 
from nozzle 1T 0 . 13 mounted in the vertical position. The 
fuel used in this test was a hydro genated fuel known as 
"Safety luel , 11 the properties of which will be discussed 
later. T7ith the injection starting at 40° before top cen- 
ter the spray spread out, tending to fill the whole cham- 
ber. However, the moving air directed against the spray 
prevented the fuel from reaching the bottom of the combus- 
tion chamber. -Between 20° before top center and top cen- 
ter the fuel was blown backward, decreasing the penetra- 
tion.. The sprays at an angle to the center line of the 
combustion chamber were blown somewhat to one side. The 
photograph at top center shows the fuel principally in the 
center of the chamber. The next two photographs show the 
sprays r catching the bottom of the chamber and starting to 
diffuse throughout the chamber. The rest of the photo- 
graphs "show continuation of this diffusion. 

With injection' starting at 30° before top center a 
maximum penetration was reached between 20° and 10° boforo 
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top center. The penetration then decreased until after 
top center, at which time the fuel started to diffuse 
throughout the whole chamber . Between 20° and 30° after 
top center the combustion chamber cleared considerably and 
then fogged again. With injection starting at 20° before 
top center the penetration across the chamber was slow un- 
til after top center at which time the air velocity through 
the throat was reversed. The sprays then penetrated to 
the bottom of the chamber , hut the air-fuol mixture through- 
out the chamber was not uniform. With injection starting 
at top center the penetration was slow until about 10° after 
top center at which time the spr?,ys reached the "bottom of 
the chamber* The succeeding photographs show the sprays 
gradually diffusing throughout the chamber, 



Effect of Physical Properties of the Fuel on the Fuel Spray 



Figure 13 shows a series of spray photographs obtained 
with Diesel fuel and nozzle Efo« 18, and a series of photo- 
graphs obtained with safety fuel under the same conditions. 
Figure 14 shows the distillation curves of the two fuels 
and some of their physical properties are given in the fol- 
lowing table: 



Sp c c i f i c gr av i t y 
at 100° F. 



Viscosity at 
100°E poise 



Surface tension 
lo. per in. 



Di e sel 
fuel 



0.8; 



0.022 



1.6 X 10 

at 73° 



- 4 



S af e t y 
' ' f ueJL 

0.021 

1.7 X 10" 4 
at 85° F. 



The Diesel fuel penetrated faster than the safety fuel 
and was less affected by the air flow even though the 
Diesel fuel had the lower specific gravity. (See refer- 
ence 17.) Because of its greater penetration the Diesel 
fuel spray formed the better mixture with the air. The 
general characteristics of the sprays arc the same as those 
discussed in the preceding paragraphs. The fact that no 
light was transmitted through the windows after 27° after 
top center with the Diesel fuel and that light was trans- 
mitted through the windows until 50° after top center with 
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the safety fuel, which had the lower critical temperatures, 
is a further indication that condensation of the Diesel 
fuel vapors took 'place . However, further research is nec- 
essary before a definite conclusion can be drawn. The fig- 
ures indicate that volatility is an important factor in the 
distribution of the fuol spray. 



Combustion of the Fuel Spray 



When a single charge of air is repeatedly comprossod 
and expanded, heat is given up to the cylinder during the 
first compression so that the compression temperature is 
toss than that which would have "boon obtained had the com- 
pression been strictly adiabatic. During the first expan- 
sion more heat is given up to the cylinder wall so that 
the temporaturo at the end of tho first expansion is loss 
than the temperature at the beginning of the first com- 
pression. This action is repeated on the successive com- 
pressions and expansions until an equilibrium of heat 
transfer is reached in which the heat given up to the cyl- 
inder '.Tails during the latter part of compression and the 
first part of expansion is equal to the heat absorbed from 
the cylinder walls during tho first part of compression 
and the latter part of expansion. At this condition of 
qquilibrium, the temporaturo of tho charge at the begin- 
ning, and consequently at tho end, of compression is con- 
siderably lower than that existing when the air charge is 
c on t i nual 1 y renewed. 

In the present apparatus this phenomenon took place 
to some extent. However, since some air was taken in 
through the ports at the start of each stroke to compen- 
sate for the air lost through leakage around the piston 
rings, there was additional heat input to the engine at 
the start of each stroke. Exactly how low the final ex- 
pansion temperature became during the approximately 1500 
revolutions between the starting of the engine and the 
pho tographing of the injection is not known. 

'During the tests the results of which have just been 
presented, the temperature of the air in the combustion 
chamber was not sufficient to cause combustion. When tho 
cylinder head and jacket were heated to 190° to 200° ?. 
combustion occurred several engine revolutions after tho 
injection, provided that the air-fuel ratio was approxi- 
mately 5 : 1. With smaller fuol quantities combustion oc- 
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cur red only after five or six injections. Combustion would 
not take rlaco even with an excess of fuel unless the in- 
jection vdvo was mounted in the vortical position, show- 
in;: that -even with an ignition las of several revolutions 
of the online, the combustion was affected "by the direction 
of the air flow relative to- the fuel sprays. 

Throe photographs of combustion under these condi- 
tions with nozzle Mfo* 18 are shown in Figure 15. The top 
photograph shows rather woak combustion starting almost 
simultaneously throughout the combustion chamber. The end 
of combustion occurred in the center of the chamber before 
the burning died out along the edges of the chamber. The 
middle photograph shows strong combustion starting almost 
si nul t anoously throughout the chamber and dying out in the 
center and then along the edges. The bottom photograph is 
part icularly interesting "bo ecu so it shows combustion start- 
ing in difforcnt parts of the chamber; finally filling the 
whole chamber, and then dying out on one odgo before the 
Cessation of combustion at the center and outer edge. The 
exact time interval between injection and combustion was 
not measured in obtaining the results shown in Figure 15. 
Visual observation indicated that the lag was about one 
second (25 engine revolutions). 

Following the completion of the tests the results of 
which are presented in Figure 15, the cylinder head and 
jacket were insulated and heated slowly to about 400° F. 
Photographs wore taken during the heating. The film drum 
was run at a peripheral speed of 50 inches per second so 
that the ignition lag in engizic revolutions could bo re- 
corded. At this drum speed the spark discharges and tho 
combustion were each recorded as a single circle of light, 
that is, the image of the combustion chamber. As tho ig- 
nition lag was decreased by the increasing engine tempera- 
ture tho circle caused by the combustion approached • that 
caused by the spark discharges. Whon combustion took place 
with an ignition lag of less than one engine revolution, 
the two images wore suporposod. Photographs were then taken 
with tho film drum running at 2000 inches per second. When 
the ignition lag was such that combustion did not start un- 
til about 10° after the end of the fuel injection, the com- 
bustion photographs were similar to those shown in Figure 
15. At the highest engine temperature, the combustion 
started during the injection of tho fuel. 

I-/0 photographs of tho process are shown in Figure 15 # 
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With the exception of the engine temperature the conditions 
were the same as those under which the photographs in Fig- 
ure 9 were obtained. The fuel-air ratio was about 1 : 15. 
In the upper photograph the combustion is seen- to start 
around the edges of the spray (a) and to persist for about 
50 crankshaft decrees. Because of fogging of the window 
the sprays could not bo distinguished clearly enough to 
accurately time the record with respect. to the crankshaft 
position. Consequently, the zero position does not neces- 
sarily correspond to top center of the ongino although it 
is probably within 10° of it. I n the lower photograph 
with injection starting at 30° before top center the images 
of the fuel spray can be seen and the combustion is again 
shown to start around the edge of the spray (a) and then 
spread throughout the chamber. T^e combustion period is 
much shorter than that with the injection starting at 10° 
before top center. The exact .cause of this is unknown. 
The phenomenon was repeated in a second series of tests. 
Comparison of Figure 16 with Figure 15 shows that when the 
ignition lag of the spray is greater than the injection 
period, combustion starts almost simultaneously throughout 
the whole chamber, but when the ignition lag is less than 
the injection period the combustion starts along the edges 
of the fuel spray and then spro&ds throughout the chamber. 
(See also reference 19.) 



conclusions 



Although the tests, the results of which are prosented 
in this report, were conducted primarily to determine the 
range of usefulness of the apparatus, there arc a few con- 
clusion s . that can be drawn from the photographs: 

1. The reproducibility of the fuel sprays under the 
same conditions was satisfactory. 

2. High air temperatures slightly decrease the pen- 
etration and increase the dispersion .of the fuel sprays • 

3. Air velocities of approximately 30Q feet per sec- 
ond in the combustion chamber have a decided effect on 
the penetration and dispersion of the fuel sprays from 
single round-hole orifices. 

4 # The effect of the air velocity on the fuol spray 
is dependent on the number, arrangement, and size of the 



I 
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discharge orifices, 

5. Th e physical properties of the fuel have an im- 
portant effect on the dispersion and penetration of the 
fuel sprays. 

S # The rate of combustion of the .fuel spray can be 
decreased by forcing ignition to take place before injec- 
tion is completed. 

7. Ignition can be forced to take place before in- 
jection is completed by increasing the temperature of the 
cylinder and the combustion-chamber jackets. 



Langley Memorial Aer onaut i cal Labor at ory , 

National Advisory Committee for Aeronautics, 
Langley field, Va. , August 25, 1931. 
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TA3LE I (fig. 3) 



Inj e cti 
s t ar t 
c r ank 
degree 



i Computed | 
Sym- I air 70- 
I'trtfl locity | 




40 u 
3TC 



e 

f 



through 

jet 
' t . / 3 e c • 

270 



310 

330 

330 
330 



310 



Description 



Start of spray - Hote cylindrical 

shape as compared with figures' 

in reference 17. 
Coro of spray deflected upwards, 

fuel filling upper section of 

chamber . 

Fuel in first section of spray de- 
flected downward by air whirls; 
remaindor of spray deflected up- 
ward "by main air jot. 

Remainder. of core (after cut-off) 
blown diagonally across chamber. 

Slight secondary discharge. 

Chamber clear for all successive 
photographs , 



Core of spray and surrounding en-^ 
velope blown upward filling upper 
part of chamber. 
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TABLE I (fig. 8) (cont.) 



Inj e cti on 
start 
crank 
degrees 



40° 
3TC 



30° 
BTC 



20° 
3TC 



10 u 
BTC 



Sym- 
bol 



a 
b 
c 



e 
f 



a 
b 
c 



) 



Computed 
air ve- 
locity 
thr ough 

jet 
f t . / s e c . 



540 

330 



340 
300 
220 

-90 

-90 



280 
380 



-90 



-270 



Descript 



o n 



Spray diffused so that core is not 
di st inct . 

Spray again distinct with fuel be- 
ing blown away from core. 

Chamber clear for all remaining 
photographs . 



See (c) for 50° BTC • 

See (b) for 40° BTC. 

Core of spray distinguishable but 
deflected upwards 

Spray reflected from edge of cham- 
ber . 

See (d) for 50° BTC . 
Chamber again fogging after having 
remained clear for 40°. 



End of spray blown upwards to top 

of chamber, 
First section of spray unaffected 

by air flow. 
Chamber almost completely fogged. 
ITote - No photographs show cham- 
ber clear after injection 
cut-off . 



Spray still deflected upward 

though air flow through orifice 
is reversed. 

Edge of spray blown downward by re- 
versed air flow. 

Chamber becoming fogged from edge 
away from injection valve to 
edge in which injection valve is 
mount ed . 
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TABLE I 


(fig. .3) (cont.) 


Injection 
st&rt 
crank 
degree s 


Sym- , 

bol j 

| 


Computed i 
air ve- ; 
1 o c i t y 
through 
jet 

f t • / s e c . 


Description 


■ TC 


— 
a 


-3 30 
. -330 
• -330 


Edge of spray blown downward, by re- 
versed air flow. 

Ed^e ox spray "blovrn downward "by re- 
versed air flow. 

Spray reflected from edge of cham- 
ber. 




i sr 




Chamber fogging as in (ed) 10° ETC 
"but process less rapid. 









TABLE 


Inj ection 1 


Computed • 


start 


Sym- 


air ve- ! 


crank 


bol 


loci ty 


degrees i 




t hr ough 


i 




orifice 






f t • / s e c . ! 


40° 




f 


?TC 


a 


290 




b 


i 

330 | 


1 


c 


310 ! 

i 

i 




d 


i 

280 I 

1 
1 




e 


1 
1 

1 

i 


30° 




1 


3TC 


a 


340 ' 



II (fig. 9) 



D e 



c r 



o n 



i r 



Spray shows little effect 
flow. 

Decided effect of air flow particu 
larly at top and bottom of spray 
Large spray cone-angle caused by 
air flow. Tip of spray just 
reaches bottom of chamber. 
:ter inject: on cut-off. Spray be 
ing blown to top of chamber, 
i amber clear for all successive 
photographs . 



Spr ay 
■nit] n 



similar to that at (a) 40 c 
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TABLE II (fig. 9) (cont.) 



Injection 



s t ar t 
crank 
degree s 



BTC 




Computed ! 
air ve- | 
1 o ci ty 
through 
orifice 

ft. /sec. 



D 



crip 



o n 



300 
0 

•220 



260 
-120 

-230 



120 

-120 
-270 



Air flow effectively di stributing 
spray throughout chamber. 

Spray filling greater part of cham- 
ber but distribution uneven. 
I Diffusion of spray continuing. 

Some light transmitted through all 
of chamber. 

Chamber clear. 

Chamber again almost completely 
fogged. 



Air flow affecting spray but not to 
same extent as (L) 30° 3TC. 

Spray deflected more to one side of 
chamber than other probably be- 
cause of unevenness of air flow. 

After cut-off. Spray diffusing 
throughout chamber , 

Chamb e r c 1 o ar i ng , 

Chamber becoming fogged from bottom 
to top. 

Note - No photographs in which cham- 
ber is entirely clear. 



Slight effect of air movement on en- 
velope of spray. No effect on 
main core of spray. 

Spray starting to diffuse unevenly 
throughout chamber . 

Spray formation similar to (b) . 

Slight fogging throughout chamber. 

Chamber becomes almost completely 
fogged . 
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TABLE II (fig* 9) (cont.) 



Injection 
start 
crank 
degree s 



TC 




Computed 
air ve- 
locity 
through 
orifice 

f t . /sec « 




a 




-120 


b 




-300 


c 




-340 


— <. 

a 






e 






f 

e 











Spray shows little effect of air 
flow and no tendency to diffuse 
throughout chamber . 
'Spray diffusing throughout chamber. 
Chamber slightly fogged. 

Chamber fogged throughout, fogging 
taking place very rapidly. 
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CYLINDER P/RESSURE INDICATOR 

lC 



V TIMING l/ALVE 



alternate position 
/op injection mt 





INJECT/ON l/ALl/S 



TO HI6N PRESSURE 
AIR TANK 




INITIAL PRESSURE 
CONTROL WLVE 



GLASS WINDOW 



TO HIGH PRESSURE HAW PUMP -*=^g 
TIMING VALVE 



SECTION t-C 1 
• TO SUPERCHARGER TANK 



-TO 
INJECT/ON 
VALVE 



HIGH PRESSURE 

RESERVOIR 




TIMING GEAR 



Tig.2 Test engine unit and fuel-injection system. I ^SEPRATEP COUPLING 




CLUTCH 




Fig .3 Photographic apparatus 
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Pigs. 4 f 6 





A.r.c jo 



T/me era nK s/iaf f c/ eyries 



77/77^ - crartK3/iarf- decrees 

Fig* 4 Reproducibility of fuel spray. Injection valve 
in horizontal position. Injection pressure, 
4000 lb. per sq. in. Engine speed, 1500 r.p.m. 




.004- .OOS 

7/ me - second 



T/ijechon in engine a/- top cenr-er 
InjecHon valve in horizontal post f/orr. £ng/ne ^p**a' /soorpm. 

fig. 6 Effect of temperature on fuel spray. Injection pressure, 
4000 lb. per sq. in. Air density, 1.1 lb. per cu. ft. 
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Pig. 5 




Nozzle Ho. 13 



Orifice 


Diameter 


Length 


A 


.007 

L_ 


.014 


B 


.018 


. 036 




.012 


.024 


D 


.010 


.020 


ITozzle No. 17 


C 


.005 


.010 



Fi^.o Multiorifice nozzles. 
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Figs. 7,14 
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Fig. 14 Distillation curv? 
Diesel fuel and o: 

c a fa fv fin ft! r» -h o fmncnh <=»y»- 


3S Of 
r» .... 










pressure. 
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! i i i 1 
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.hIOO 
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Engine speed, 1500 r.p.n. 



Pig. 7 Computed air velocity 

4 through orifice con 

necting combustion chamber 

with displacement volume. 
_j l_ I , • ! 



10 



20 



Time, crankshaft decrees 



40 B - C 50 
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f/'/rre - cronxs/iaf/- t/epr&es 




T/me cranK$/7aff degrees 





1 1» * c r 


Arc s"o -*o j'o t o To o 10 *o a r c 


7 l»t 




1 e d c b ct 




t t 



T/me cre7r?/r^/?aff t/ty* 




r//r?e cranK^/taff decrees 



ffig*8 Effect of air flow on the fuel spray •Injection valve in horizontal 
position. Injection pressure, 4000 lb J sq.inJfaglne speed, 1500 r.p # m f 
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Jig. 9 




7/me - cra/rte/raff a^e^re^s 



77/rte 




jSffect of adr flow on the fuel spray. Injection valve in vertical 
position. Injection pressure ,4000 l"b,/sq.in. Engine speed, 1500 r.p.xn. 
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Effect of position of injection valve on the fuel spray. Injection 
pressure 4000 lb./ sq. in. Engine speed, 1500 r.p.m. 
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Pig. 11 Effect of air flow on the fuel spray. Injection valve in horizontal 
position. Injection pressure 4000 Ib./sq.in.Engine speed,1500 r.p.m. 
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IPig.12 Effect of air flow on the fuel spray. Injection valve in vertical 

position. Injection pressure, 4000 rb./sq*ia. Engine speed f 1500 r.p.m. 
Safety fuel. 
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Tig, 13 Effect of physical properties of fuel on spray formation. Injection ▼aire in vertical positi 
Injection pressure, 4000 lb. per sq. in. Engine speed, 1500 r.p.m. 
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Figs. 15,16 






Pig. 15 Combustion with ignition lag of several 
engine revolutions. Injection valve in 
vertical position. Injection pressure, 
4000 lb. per sq. in. Engine speed, 1500 
r .p.m. 




Injecf/ori /o° before fop cerrfer. 



Trrjec/v'ar? Jo ° 6e/bm? to/? center. 

Pig. 16 Combustion starting at fuel spray. Injection valve in 
vertical position. Injection pressure, 4000 lb. per 
sq. in. Engine speed, 1500 r.p.m. 



